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ABSTRACT

A n]icrohygromctcr  has been clcvclopcd  at JP1.’s
Microdcviccs  I,aboratory  based on tbc p r inc ip l e  o f
dcwpoint/frostpoint  detection. The surface acoustic wave
clcvice used in this instrument is approximately two orders of
magnitude moic sensitive to condensation than t}lc optical
sensor used in chilled-mirror hygrometers. la tests in the
laboratory and on the NASA DC8, the SAW hygrometer has
demonstrated more than an order of n~agrritudc  faster rmponsc
than commercial chilled-mirror hygrometers, while showing
comparable accrrmcy  under steady-state conditions. Cur[-cn(
development efforts arc directed toward miniaturi~ation and
optimization of the ~~licrc)hygrc)[~~ctcr  electronics for flight
validation experiments on a small radiosondc  balloon.

INTRODUCTION

Monitoringhumidity  isncccssary  for-environmental
control and process monitoring in space. NASA’s Human
Ilxploration and Dcvclopmcnt  of Space Ehtcrprisc rcquil-cs
small, reliable, and accurate instruments for this application.
Dcvclopcd for i~~ si~u measurements in P;arth aad planetary
atmospheres, the surface acoust ic wave (SAW)
microhygromctcr  is capable of extremely fast, accurate
mcasurcrncnts  of cn~’ironrncntal  humidity. In this paper, wc
describe the principles and performance of the SAW
microhygromctcr.

WATER VAPOR IN EARTH’S ATMOSPHERE

Water vapor plays a crucial role in energy transport
and chemistry in the Earth’s atmosphere. Itt situ

measurements of water vapor in the atmosphere arc nccdcd for
studies of weather and climate, as both a primary data source
and as ground truth for remote sensing mcasurcrncnts.  CJIObal
coverage for these mcasurcmcnts  is ncccssary to develop a
more complete pickrrc of weather ancl clinlatc.12

Beyond these atmospheric measurements, water
vapor is critically important in many technological
applications. In spite of its importance, humidity
mcasurcmcnt remains a difficult technological problem, and
no single instrument or technique is optimal for all
applications.3 Part of the difficulty lies in the enormous range
of conditions in which the instrunlcn[s  arc required to operate.
The water vapor concentration in the atmosphere ranges from
several percent at the surface to parts per million in the
stratosphere, while ambient temperatures vary over 100°C and
ambient pressure  drops several orders of magnitude from the
Iiartb’s surface 10 the upper stratosphere.

HUMIDITY MEASUREMENT TECHNIQUES

Several instruments have been used for in si(u

mcasurcrncnts  of atmospheric humiciity. Balloon-borne
radiosondcs account for most of the in si(~{ observations of
atmospheric humidity. Sensors currently used on radiosondes,
such as carbon hygristors and capacitive polymers, measure
the relative humidity based on water vapor absorption into
hydroscopic materials. Dcfirrcd  in terms of the mole fraction
of water in a given sample of moist air relative to the mole
fraction at saturation at constant temperature and pressure, the
relative humidity is a function of the pressure and tcrnpcraturc
of moist air, as well as its water content.4 Whereas the
absolute humidity can bc calcrrlatcd  from mcasurenlcnts  of
relative humidity, tcmpcraturc,  and pressure, this approach has
limitcci accuracy in practice. Other limitations of these
sensors inclucle hysteresis near saturation, insensitivity in cold,
dry conditions, and slow response. Compared to other
tcchniqocs,  relative humidity sensors arc far less accurate and
stable, and cover a srnallcr  range of humidity.

Optical absorption techniques have been used
extensively for accurate mcasurcmerrts  of atmospheric
humidity, with particular success in the dry conditions of the
stratosphere, where the sensitivity and selectivity of molecular
absorption lines provide distinct advantages over techniques



based on chemistry. The instruments developed
purpose, based on ultraviolet absorption at the 12
Lyman-alpha line of hydrogen, arc large, complica

or this
.56 nm
xl, and

subject to short-term drifts in calibration.f Infrared optical
absorption hygrometers have benefited from recent
developments in solid-state lasers and integrated electronics,
which hate enabled a significant reduction in the mass,
volume, and power of the instrun]cnts.67 While the spcct[-al
requirements of these instruments currently make the lasers
difficult to Fabricate, this approach is yielding excellent data.

Concurrent to the development of optical absorption
hygrometers, dcwpoint/frostpoint  hygrometers have been
developed for ancl successfully employed in atmospheric
n~casu[-cmcnts m airplanes and high-altitude balloons.X The
part icular  advantage of this approach is that the
ttlcrlllo(lyrlal]lic  properties of water provide a direct link
bctwccn  dcwpoint/frostpoint and tbc partial pressure of water
vapor in the atmosphere. As a conscqucncc, unlike optical
absorption hygrometers, dcwpoint hygrometers have been
employed as transfer standards forhun~idit  yn~casurcmcnt.”

DEWPOINT AND FROSTPOINT MEASUREMENT

Defined as the temperature at which gas of given
composition is saturated with water vapor, assuming constant
pressure, dcwpoint is directly related to water vapor pressure,
indcpcndcnt  of the air tcn~pcraturc.  ”For moist air, this
relationship is accurately tabulated in the international steam
tables. Similar tablcsrclatc  frostpoint to watcrvapor  prcssurc.

Measurement of dcwpoint is usually accomplished by
apparatus designed to approximate the saturation tcrnpemturc

of air containing an unknown quantity of water vapor, based
on the observation that dcwpoint  and frostpoirrt correspond to
the temperature at which moisture begins to condense on a
cold surface under conditions near equilibrium. Chillcd-
mirror hygrometers cool a mirror in contact wi[h  moist air
until condensation forms on the surface. Condensation is
detected optically by monitoring the reflectivity of the mirror,
and the temperature of the mirror is controlled to maintain an
equilibrium bctwccn condensation and evaporation in the
presence of changing humidity. Manufacturers of chillcd-
mirror hygrometers typically specify an accuracy of f0.2°C,
although better accuracy has been reported in the literature.
Using a twc~-stage TEC, chilled mirror hygrometers measure
dcwpoint/frostpoint  ovcrarangc  of -35°C to 25°C. I.argcr
systems, cn]ploying4  or5 stage TECs, can measure frostpoint
down to -80°C, and cryogenic systems have been developed
which measure frostpoint as low as - 100”C.

With respect to balloon-borne radiosondcs, the
disadvantages of chilled-mirror hygrometers arc cost, power,
and mass. For airplane applications, the response time of
chilled-mirror hygrometers is an important issue, particularly
in atmospheric conditions involving a highly non-uniform
distribution of water vapor. Such atmospheric conditions
include microbursts, which arc n]ctcorolcrgica]  phenomena of
enormous practical interest. There is, therefore, a need for

F’igure I: Photograph of the moisture sensor used in the
SAW hygrometer. Intcrdigi[atcd electrodes excite a
resonant acoustic wave on the surface of the SAW
device. I’he frequency of the rcsonancc is sensitive to
conclcnsation,  which serves as the basis for the sensor.
T h e  S A W  device  and a  plat inum resis tance
tl]crl]~[)]l]cl]]ctcr  (PRT) arc mounted on a two-stage
thermoelectric cooler (’IEC).  With the SAW exposed to
moist air, the TEC cools the surface until condensation
is cictcctcd,  while the PRT is used to measure the
tcmpcraturc at which condensation occurs. Bccausc of
the high sensitivity of the SAW to condensation and the
low thermal mass of the sensor, the SAW hygrometer is
capable of very fast response to variable humidity.

faster, smaller, and chcapcr hygrometers which can accurately
measure dcwpoint/frostpoint.

THE SAW DEWPOINT HYGROMETER

We have developed a ncw dcwpoint  hygrometer
which greatly improves the response time compared to
conventional instrun]cnts.l(”11213’l i The moisture sensor in
this hygrometer uses a surface acoustic wave (SAW) device as
a sensitive clctcctor of condensation (see Figure I). The SAW
device is a quartz crystal which is dcsignccl  to support high-
frcqucncy  acoustic oscillations. ‘f Because these oscillations
arc quite sensitive to surface effects, condensation produces a
measurable shift in the the resonance frequency of the SAW
device. A twmstagc thermoelectric cooler electronically heats
or cools the SAW device, while a platinum resistor is used to
monitor the temperature. Tbc SAW hygrometer measures
dcwpoint  by establishing equilibrium bctwccn evaporation and
condensation on the surface of the SAW device. Using a
SAW dcvicc as a fast, high-sensitivity moisture sensor, a
feedback controller measures the condensation on the sensor
surface, and responds by heating or cooling the sensor to
maintain equilibrium. The equilibrium temperature under
feedback control is a measure of dcwpoint  or frostpoint,
clcpcnding  on the phase of the condcnscci  moisture.



‘1’hc fact that the two
nlcasurcment  principle invites a

methods usc the same
direct comparison of the

performance of the SAW hygrometer and chillcci-mirror
hygrometers. With regard to the spcecl of response, the SAW
hygrometer has two important advantages which are rcflcctcd
in the data, The SAW device is approximately two orders of
magnitude more sensitive to condensation than the chillccl-
mirror optical sensor. As a result, the SAW device responds
to very small quantities of condensed water, which enables
fast response to humidity variations. This is particularly
important at low frostpoints, where condensation and
evaporation arc slow due to the low vapor pressure of icc at
tbcsc tcmpcratum  and the low concentration of water vapor in
the environment. In addition, (he small size of the SAW
clcvicc enables fast thermal response in the presence of
varying humidity. While the thermal response time is only
onc component of the speed of the instrument, it rcprcscnts a
hard limit in the response time of condensation-based
dcwpoint/frostpoint mcasurcmcnts,  and it plays an important
role in determining how closely the instrument can track fast
humidity transients.

‘I%c SAW hygrometer uses an uncoated SAW to
measure surface-loading due to condensation, and cannot
directly measure the composition ofmat(crcondenscd from
the atmospberc  (chilled-rnirror hygrometers share this
limitation). For this reason, contamination is a potential
source of error. Contaminants on the SAW surface’can cause
a shift in the oscillation frequency. Dissolved contan]inants
can alter the equilibrium vapor pressure of condensed water.
‘1’hcse errors arc minimized by performing a periodic sclf-
calibration, in which the SAW is heated to evaporate
condensed water and volatile contaminants, and did nnt appcal-
to affect the accuracy of the SAW hygrometer data on the
DC8 over the course of two months c)f cxpcrimcnts.  The

effects of contan~ination on the SAW will be systematically
tcstcci during the course of future dcvclopmcnt.

A prototype of the SAW hygrometer was dcvclopccl
at JPI. for testing and evaluation during FY’94-’95. In
comparisons with state-of-the-art chilled mirror hygrometers
both in the laboratory and on the NASA DC8 Airborne
Laboratory, significantly faster response was observed using
the prototype SAW hygrometer. Using a humidity generator
in the JPI. metrology laboratory, the prototype SAW
hy,gromctcr  was directly compared with a General Eastern
Model 131 lXR chilled-mirror hygrometer. The two
instruments were found to have comparable accuracy in
steady-state conditions, but bccausc of the faster response of
the SAW hygrometer, higher-frcquerrcy response was
observed in the SAW hygrometer data, and transient errors
were greatly rcduccd.  I;light tests on the NASA DC8
ciramatically confirmed this result.

HUMIDITY MEASUREMENTS ON THE NASA DC8

‘1’hc  NASA IIC8 Airborne Laboratory is a modificcl
cotnmcrcial  aircraft used as an experimental platform for a
variety of scientific projects (see Figure 2). Facility
instruments on the NASA DC8 include two commercial
chilled mirror hygrometers configured to sample air external
to the aircraft and measure the dewpoint/frostpoint during
flight. The 1X8 chilled- mirror hygrometers were mounted on
the forward window on the starboard side of the plane, with
the mirrors as close to the inlet ports as possible. Similarly,
tbc prototype SAW hygrometer was mounted to the forward
window on the port side of the plane. l’hc inlet lines fed
directly into the sensors of the rcs pcctivc  hygrometers, with no
intervening valves or filters wt]ich could slow their rcponsc.

Figure 2: Photograph of the DC8 Airborne I.aboratory at Moffctt I~ield, California. The windows of tbc
DC8 have been rcplacccl with metal plates, which serve as mounting platforms for instruments used in the
experiments. lnsidc the plane, instrument racks occupy much of the floor area used by seats on
commc~-cial  aircraft, In these cxpcrimcnts, the SAW hygromctc[-  was located in the first row on the port
side of the airplane, while the chilled mirror hygrometers were located directly across the aisle on the
starboard side of the plane.
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Figure 3: Humidity data from the 1X8 Airborne I.aimratory  during takeoff and ascent on April 29, 1995, in
Houston, Texas. The data from the tbrcc sensors SIIOW  similar coarse atmospheric structure. The SAW
hygrometer data show more short-period structure, an(i faster response to the Iargc transients observed during
ascent.

Data taken during the initial DC% flights provided a
useful comparison of the performance of the SAW hygrometer

with the two chilled-rnirror hygrometers. Figure 3 shows data
in Houston on Aprii 29, 1995. The tiwcc hygrometers showcci
good agrccmcnt  with regard to the course atmrrspbcric
structure observed during takeoff and ascent. Detailed
structure in the data reveals tile differences in performance
bctwccn  the SAW and chilled-mirror hygrometers. The most
pronounced diffcrcnccs occur during humidity transients and
at low frostpoints. In all cases, thcSAW hygrometer
responded faster than the chilled-mirror hygrometers during
transients. As a result, peaks and vailcys  in the chilled-mirror
data sometimes appear to iag behind corrcspoaciing  features in
the SAW data, and detailed structure in the SAW data is often
missing from the chilled-mirror data. Discrcpancics  in the
chilled-rnirror data were occasionally very Iargc during
humidity transients. The chiilcd-rnimor  hygtomctcrs  showcci
visibly slower response at low frostpoints, resulting in
overshoot and iargc relative errors. These results demonstrate
the capabilities of the SAW hygrometer to nlcasure humidity
in the troposphere, wi~h faster response than the chilled-mirror
hygrometers flown on the DC8. However, verifying the
accuracy of structure in the SAW hygrometer data rcquim an
incicpcndcnt mcasurcn]cnt  of humidity using an instrument at
Icast as fast as the SAW. To fulfiii ti]is rcquircmcnt,  a second
SAW hygrometer was installed in the NASA D(Y3. In c)rdcr to
ensure indcpcndcnt humidity mcasurcmcnts  under icicntical
corrciitions,  the air inlet tube was split symmctricaily,  with
equal flow to the two SAW hygrometers. Corrcialions

bctwccn  data from two independent SAW hygrometers can bc
uscci 10 ciistinguish random noise from signals duc to

atmospheric structure. Mcasurcmcnts  on the DC8 following
t}lis installation showed cxcciicnt  short- and Iong-period
correlations bctwccn the two SAW hygrometers. This
confirms that the short-period structure in the SAW
hygrometer data is rcprcscntativc  of faster response to
atmospheric humiclity, as compared to the chilled-mirror
hygrometers. While the factors affecting the response speed
of the different instruments arc non-linear and at least partly
instrument-specific, it is useful to compare the responses of
the various instruments to large and small transients.

I;igurc 4 shows data rccordcd by the SAW and
chilled-mirror hygrornctcrs  during both Iargc and small
humidity transients during dcsccnt of the DC8 on May 19,
i 995. Initiaiiy,  aii four hygrometers rccordcd frostpoint
variations over the range of -20°C to -35°C. The SAW
hygrometers reported a large number of small transients
during this time, occurring over time intervals of lCSS than a
second to several tens of seconds. The chilled-rnirror data
clearly lag behind the SAW data, showing over- and under-
shoot of the actual humidity, with an almost cornplctc  abscncc
of short-period response. A rapid rise in the frostpoint
occurrcci at a time of approximately 290 s in I;igurc 4. At the
time of this event, both SAW hygrometers tracked a 40”C
than.gc in dcwpoint/frostpoint over a fcw seconds, including a
su(icicn 25°C rise in frostpoint ciuring the first second of the
transient. ‘1’hc  SAW hygrometers continued to record structure
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l~igurc 4: Humidity data taken dul-ing descent of the IX8 Airborne I.rrboratory  on May 19, 1995. l’hc two
SAW hygrometers respond far faster than (1w two chilled mirror hygrometers, with correspondingly higher

accuracy in dynamic conditions. Short-period structure in the SAW hygrometer data, verified by
correlations between the two independent SAW instruments, is absent in ciata from by the slowcr-
rcspcmding  chilled mirror hygrorne[ers.

in the atmospheric humidity after the transient, while the
chiiicd-mirror  hygrometers at[cmptcci  to recover from cxccss
condensation caused by the rapid inllux of warm, moist air.
The GE hygrometer reported maximum heating, a status
indicative of the loss of active cicwpoin[ tracking, an(i
ultimately overshot the actual dcwpoint  by about 10°C bcf(mc
recovering, more than a minute after the event, The IiCICi
hygrometer reported invalid data after the transient, and had
not yet recovered when the DC8 data acquisition computer
was shut off in preparation for landing, over 1.5 minutes after
the event.

The SAW hygrometer has demonstrated significantly
faster response than commercial chiiicd-rnirror  hygrometers in
the laboratory and on the NASA 1X8,  while showing
comparable accuracy under steady-state corrciitions. ‘1’ilis
represents the potential for a significant improvement in
humidity mcasurcmcnt  for applications that require the
accuracy ofdircct  dcwpoint  measurement with fastcrrcsponsc
than is possible with chiiicd-rnirmr instruments.

SAW MICROHYGROMETER DEVELOPMENT

We arc currently cicvcioping a SAW cicwpoint
microhygromctcr,  which wiil bcmuchsmallc[,  usclcsspowcr,
anti wiii have improvcci  performance, comparcci  to the systcrn
flown on the DC8. The SAW ~~~icr[)hygrc~l~lctcr will have a
mass of ai>pl-oximateiy  0.3 kg (cxciusivc of batteries), aa(i
occui>y  a voi LImc  of approximately 0.5 i. l’ilc avct-agc imwer

consumption will be approximately 2 Watts, with a n]aximum
of ai}proximatcly  5 Watts, using a two-stage thcrmocicctric
Lwolcrtocontroi  the SAW tcn]pcrzrturc. l’hc cooiing powcrof
the  two- s t age  t he rmoe lec t r i c  coo l e r  p rov ides  a
cicwpoint/frostpo  int measurement range of approximately
6t1°Cbclow thetcnlpcratu  rcofthchc  atsink. Ifthchcat sink
is at room temperature, this corresponds to a water vapor
concmtratiorr ofapproximatcly  iOOppn]  by volume. A larger
dynamic range is possible by substituting a larger
thermoelectric cooler, at the expense of aciditional power
consumption. The reference racliosonclc will be designed for
maximum thcrmai coupiing bctwccn  the TE.C heat sink and
the atmosphere, in orcicr to enable measurements of Icrw
vaiucs of frostpoint cxpcctcci ncarthc  tropopausc.

SAW MICROHYGROMETER FLIGHT VALIDATION -
REFERENCE RADIOSONDE

~~light validation tests of the SAW n]icrohygromctcr
wiii bc conductcci as part of the development of a baiioon-
bornc reference radiosondc at JPI.. These tests will provide
ciircct in si~u  comparisons of tropospheric humiciity profiics
ob[aineci with commercial radiosondc hygrometers and the
SAW r]licrollygror~~etcr.” The dcvclopmcnt  of an accurate
ra(iiosorrdc hygrometer woulci be of significant benefit to
weather prediction and ciimatc forecasting efforts which rciy
on atmosp}]cric humidity profiles measured by radiosorrdcs.
A[n]osphcl-ic  scientists have b e e n  caiiing  for improvcci
I-wiiosoacic rncasurcments  of atmospi]eric hurniciity, c i t i n g


